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Abstract

Chronic consumption of a Western-type diet, containing both elevated sugar and fat, results in leptin resistance. We hypothesised that fruc-

tose, as part of the sugar component of Western-type diets, is one causative ingredient in the development of leptin resistance and that

removal of this component will prevent leptin resistance despite high fat (HF) content. We fed rats a sugar-free (SF), 30 % HF (SF/HF)

diet or a 40 % high-fructose (HFr), 30 % HF (HFr/HF) diet for 134 d. The HFr/HF diet resulted in impaired anorexic and body-weight

responses to both peripherally (0·6 mg/kg, assessed on day 65 of the diet) and centrally (1·5mg/d, assessed on days 129–134) administered

leptin, whereas SF/HF-fed rats were fully leptin responsive. At day 70, half the HFr/HF-fed animals were switched to the SF/HF diet, rever-

sing the leptin resistance (assessed 18 d after the diet switch). The HFr/HF diet elevated serum leptin and reduced adiponectin, and levels

were restored abruptly at day 3 after switching to the SF/HF diet. These data demonstrate that a diet containing both HFr and fat leads to

leptin resistance, while an isoenergetic SF/HF diet does not. Moreover, removal of fructose from this diet reverses the leptin resistance and

the elevated leptin, suggesting a cause-and-effect relationship. These data suggest that fructose is the bioactive component of a HF/high-

sugar diet that is essential for the induction of leptin resistance.
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According to the WHO, obesity has reached epidemic pro-

portions globally, with more than one billion adults over-

weight – at least 300 million of them clinically obese.

Among multiple contributing factors, epidemiological studies

have indicated a strong correlation between the consumption

of sugar- or fructose-enriched products and the increased rate

of obesity(1–3). Experimental studies have suggested that fruc-

tose, in particular, is a bioactive macronutrient associated with

the development of the metabolic syndrome and obesity(2–5).

High dietary fructose results in increased adiposity, insulin

resistance, glucose intolerance, dyslipidaemia, hyperuricae-

mia(5–9), but the variable fat and sugar content in the diets

and discrepant outcomes make it difficult to elucidate whether

fructose is the primary culprit. To isolate the potential mech-

anism, our previous study employed a diet that had elevated

fructose while other diet components remained close to the

levels in regular rodent maintenance diets, and this diet did

not induce obesity or most other manifestations of the meta-

bolic syndrome. This diet regimen, however, induced leptin

resistance and predisposed the rats to dietary obesity,

suggesting that leptin resistance is one key causative factor

underlying fructose-associated obesity(4).

Leptin is a critical hormone linking peripheral energy stores

to the homeostatic regulatory centre in the brain. It signals to

lower food intake and increase energy expenditure. Chronic

consumption of a Western-type diet, containing elevated

sucrose and fat, results in both leptin resistance and obesity.

In several models of leptin resistance, we and others demon-

strated that leptin resistance, even in the absence of obesity,

predisposes animals to exacerbated weight gain when sub-

sequently provided with a high-fat (HF) diet(10,11), suggesting

that leptin resistance is one factor contributing to dietary obes-

ity. Furthermore, this raises the possibility that obesity conse-

quential from the chronic consumption of a Western-type diet

is secondary to leptin resistance, and leptin resistance is due to

the ingestion of a component of the diet. If so, then elimin-

ation of that dietary component may prevent leptin resistance

and preclude the development of subsequent dietary obesity.

In the present study, we hypothesised that fructose is one

key ingredient in a Western-type diet necessary for the
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induction of leptin resistance and subsequent obesity. More-

over, we suggest that removal of dietary fructose from a

high-fructose (HFr)/HF diet but maintaining the fat, total

carbohydrates and energy density will prevent and/or reverse

leptin resistance, and thus, prevent and/or reverse diet-

induced obesity. To this end, we examined whether a HF

diet without the presence of any sugars prevents the develop-

ment of leptin resistance and obesity compared with a

fructose-containing HF diet, and whether removal of fructose

from a HFr/HF diet reverses the established leptin resistance

or obesity.

Research design and methods

Experimental animals

Male Sprague–Dawley rats, 3 months old, obtained from

Charles River Laboratories (Wilmington, MA, USA), were

cared for in accordance with the principles of the Guide to

the Care and Use of Experimental Animals. Rats were

housed individually with a 12 h light–12 h dark cycle (07.00

to 19.00 hours).

Experimental design

Rats were raised on a basic rodent diet by the breeder until

3 months of age.

Expt 1. In the study, four groups of rats (n 6) were used to

compare the effects of four different diets varying in fat and

sugar content on energy intake and body-weight gain. Rats

were provided with one of the four diets: chow (Harlan

Teklad 7012, 0 % kJ from sugar, 58 % kJ from carbohydrates

other than sugar, 17 % kJ from fat (vegetable oil), 25 % kJ

from protein, 13 kJ (3·1 kcal)/g); sugar-free (SF)/HF (Harlan

Teklad TD.08 703, 0 % kJ from sugar, 50 % kJ from carbo-

hydrates other than sugar, 30 % kJ from fat (lard), 20 % kJ

from protein, 16·7 kJ (4 kcal)/g); HFr/HF (Harlan Teklad

TD.08 702, 40 % kJ from fructose, 10 % kJ from carbohydrates

other than fructose, 30 % kJ from fat (lard), 20 % kJ protein,

16·7 kJ (4 kcal)/g); 60 % HF (Research Diets D12492, 6·7 % kJ

from sugar, 13·3 % kJ from carbohydrates other than sugar,

60 % kJ from fat (lard), 20 % kJ from protein, 21·9 kJ

(5·24 kcal)/g) for 7 d. The energy values represent metabolis-

able energy. Food intake and body weight were assessed

daily.

Also, two additional groups of rats (n 6) were used to com-

pare the long-term effects (106 d) of the chow and SF/HF diets

on energy intake, body weight and body composition. Body

weight and food intake were recorded weekly and on day

70; total body composition was measured by time-domain

NMR using a Minispec lean fat analyser (Bruker Optics, Inc.,

The Woodlands, TX, USA).

Expt 2. Upon arrival, the rats were fed a chow diet for 1

week. Then, fourteen rats were switched to the HFr/HF diet

and ten rats were provided with the isoenergetic SF/HF diet

ad libitum. On day 70, eight rats in the HFr/HF group were

switched to the SF/HF diet. Responsiveness to intraperitone-

ally administered leptin was evaluated on day 65 in the HFr/

HF and SF/HF groups, and on day 88, before and after the

switch from the HFr/HF to the SF/HF diet. Non-fasting

blood samples were drawn from the tail from conscious rats

on days 73 and 94 for serum TAG, adiponectin, TNF-a, IL-6

and leptin measurements. Responsiveness to centrally infused

leptin was examined before the end of the experiment (days

129–134). Food consumption and body weight were recorded

daily throughout the experiment.

Dietary selection

To test for the preference between the HFr/HF and SF/HF

diets, twelve additional rats were used. The rats that were

originally on the chow diet were provided access to both

the HFr/HF and SF/HF diets simultaneously for 4 d. Food

consumption of both diets was determined separately by the

weight of food consumed. The position of the food trays

containing the HFr/HF and SF/HF diets was alternated daily.

Spillage of food was accounted for in calculating food

consumption.

Responsiveness to intraperitoneally administered leptin

Food was removed from the cages at 09.00 hours. Rats

received intraperitoneal injections of leptin (0·6 mg/kg in

0·4 ml of saline; PeproTech, Inc., Rocky Hill, NJ, USA) at

16.30 hours. Food was returned immediately after the injec-

tions, and food intake was recorded 24 h later. At 1 d later,

rats received saline (0·4 ml) injections in a similar fashion.

Food intake of each individual animal was compared between

the 2 d when rats received the injections by paired t test.

Responsiveness to centrally infused leptin

At day 106, a cannula (Alzet infusion kit; Durect, Cupertino,

CA, USA) was placed into the lateral ventricle of each

animal and connected to a subcutaneous 28 d osmotic mini

pump (model 2001, Alzet) filled with vehicle, as detailed pre-

viously(12). Full recovery from the surgery (until the rats

resumed pre-surgery food intake and started gaining weight)

took 22 d, at which time the osmotic mini pumps were

replaced with 7 d pumps containing leptin (1·5mg/d), except

half of the rats on the SF/HF diet in which the pumps were

replaced with those containing the artificial cerebrospinal

fluid. Leptin responsiveness was determined by reduction in

food intake and body weight when infused with leptin com-

pared with the artificial cerebrospinal fluid infusion over a

7 d period (days 129–134) using the t test.

Serum assessments

Serum was harvested by a 10 min centrifugation in serum

separator tubes for the assessment of non-fasting leptin, adi-

ponectin, TAG, TNF-a and IL-6. Leptin and adiponectin

were measured using rat RIA kits (Millipore, Billerica, MA,

USA). Serum TAG concentration was determined by the Enzy-

Chromee Triglyceride Assay Kit (BioAssay Systems, Hayward,

CA, USA). Serum IL-6 and TNF-a were determined by ELISA

(R&D Systems, Minneapolis, MN, USA).

Prevention and reversal of leptin resistance 391

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S000711451100033X  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S000711451100033X


Statistical analysis

Data were analysed by one-way ANOVA when appropriate.

When the main effect was significant, a Bonferroni post hoc

test was applied to determine individual differences between

means. A value of P,0·05 was considered significant.

Results

Expt 1

Effects of diets varying in fat and sugar content on energy

consumption and body-weight gain. Rats of 3 months of

age and body weights of 461 (SD 20·1) g were divided into

four groups (n 6) and fed with a chow, HFr/HF, SF/HF or

60 % HF diet for 7 days. Growth rates and energy intake

were similar in the chow, SF/HF and HFr/HF groups. In con-

trast, the sugar-containing (6·7 % sucrose) diet with extremely

HF content (60 %) resulted in a significantly higher energy

intake and weight gain starting on day 2 (Fig. 1(a) and (b)).

The effects of the chow and SF/HF diets were examined

over a longer (106 d) time period. Rats fed with these diets

demonstrated similar energy intake (93·4 (SD 9·4) kcal/d,

chow v. 96·6 (SD 9·6), SF/HF), growth rates (Fig. 1(c)) and

body adiposity at day 70 (Fig. 1(c) and (d)). Thus, the

SF/HF (30 %) diet is not obesogenic and does not increase

adiposity.

Expt 2

Prevention of leptin resistance with a sugar-free, high-fat diet.

Rats of 3 months of age and body weights of 459 (SD 17·2) g

were provided with either the HFr/HF or the SF/HF diet, in

which fructose was replaced by starch in an isoenergetic

manner (Fig. 2). Rats fed with the SF/HF diet gained signifi-

cantly less weight beginning at day 29 (Fig. 3(a)). By day 70,

the HFr/HF-fed rats gained 154 g compared with 117 g in the

SF/HF-fed rats. In contrast to the body-weight gain, ad libitum

daily energy intake (data not shown) and cumulative energy

consumption were unchanged between the groups (Fig. 3(b)).

At day 65 of the dietary treatment, rats were tested for

responsiveness to peripherally administered leptin (0·6mg/kg).

The rats fed with the SF/HF diet responded to leptin with a

significant reduction in food intake, whereas those fed with

the HFr/HF diet were unresponsive to leptin, demonstrating

leptin resistance (Fig. 4(a)).
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Fig. 1. (a) Body-weight change and (b) energy intake upon introduction of four diets: 60 % high-fat (HF) ( ), chow ( ), high-fructose/HF ( ) and sugar-free

(SF)/HF ( ) diets. (c) Change in body weight and (d) total body adiposity at day 70 in rats fed the chow diet and SF/HF diet. Values are means, with standard

errors represented by vertical bars (n 6). Arrow indicates when total body composition was measured. * Mean values were significantly different between the 60 %

HF and chow diets with the t test (P,0·05).
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Reversal of leptin resistance following withdrawal of the
high-fructose/high-fat diet

At day 70, after the rats in the HFr/HF group were shown to be

leptin resistant (Fig. 4(a)), they were divided into two groups,

one remaining on the same diet and the other switching to the

SF/HF diet. Those remaining on the HFr/HF diet and those fed

with the SF/HF diet from the start of the experiment continued

the same steady weight gain. In contrast, the rats switched

from the HFr/HF to the SF/HF isoenergetic diet ceased further

weight gain (Fig. 3(a), dotted line). At the time of the diet

switch, the HFr/HF-fed rats weighed 613·9 (SD 59·6) g, and

by the end of 5 weeks after the diet switch, the body weights

of the switched rats were 620·4 (SD 63·7) g compared with

666·7 (SD 66·6) g in those remaining on the HFr/HF diet.

Thus, body-weight gain of the rats switched from the HFr/

HF to the SF/HF diet was approximately 46 g (6·9 %) lower

than the rats on the HFr/HF diet. Although the diet-switched

rats did not lose weight, their body weight merged with

those that were continually fed with the SF/HF diet from the

start (Fig. 3(a)).

Switching from the HFr/HF diet to the SF/HF diet resulted in

a significant (P¼0·04) 10 % reduction of cumulative food

intake over the 5-week period (Fig. 3(c)).

Importantly, removal of fructose from the HFr/HF diet

restored leptin responsiveness in previously leptin-resistant

rats. There was a significant reduction in the 24 h food

intake (P¼0·03) after peripheral leptin administration on day

88, corresponding to 18 d after the switch to the SF/HF diet

(Fig. 4(b)). This degree of leptin responsiveness was similar

to that observed in rats maintained on the SF/HF diet from

the start of the experiment, and in stark contrast to the lack

of responses in those rats maintained on the HFr/HF diet

(Fig. 4(b)).

This leptin responsiveness and leptin resistance, respect-

ively, were confirmed by an intracerebroventricular leptin

infusion during the final week of dietary treatment, days

129–134 (Fig. 5). The rats maintained on the SF/HF diet

from the start of the experiment and those switched to the

SF/HF diet at day 70 demonstrated a significant reduction in

both body weight and food intake in response to centrally

delivered leptin, confirming the restoration of leptin respon-

siveness in animals switched to the SF diet (Fig. 5). In contrast,

the rats maintained on the HFr/HF diet throughout the study

demonstrated an absence of food intake or body-weight

response similar to that of vehicle-infused rats (Fig. 5), indicat-

ing a continued leptin resistance.

Serum leptin, adiponectin and TAG

Non-fasted serum was collected on days 3 and 24 after the diet

switch corresponding to days 73 and 94 of dietary treatment.

Serum leptin, one indicator of adiposity level, was elevated

in the HFr/HF-fed rats compared with the continually SF/

HF-fed rats at day 73 and further elevated at day 94

(Fig. 6(a)). Surprisingly, only 3 d after switching from the

HFr/HF to the SF/HF diet, the elevated leptin levels were com-

pletely reversed to the level of the continually fed SF/HF rats,

and leptin levels remained unchanged between these two

groups through day 94 (Fig. 6(a)). Adiponectin levels at day

3 were the mirror image of the leptin concentrations, with a

decrease in the HFr/HF diet compared with the SF/HF-fed

rat and a reversal of the rats switched to the SF/HF diet

(Fig. 6(b)). Serum TAG levels were more than twofold greater

in the HFr/HF-fed rats compared with the SF/HF diet. More-

over, just 3 d after the removal of fructose from the HFr/HF

diet, the elevated serum TAG reverted to the same level as

in the animals that were never exposed to the HFr/HF diet

(Fig. 6(c)).

Serum IL-6 and TNF-a

IL-6 and TNF-a levels were also assessed at day 73 (3 d after

the diet switch), but serum levels of both inflammatory indi-

cators were undetectable, that is, below the concentration of

the lowest standard (62·5 pg/ml for IL-6 and 12·5 pg/ml for

TNF-a).

SF/HF (n 10)

HFr/HF (n 14)
icv leptin

icv leptin

SF/HF (n 8)

HFr/HF (n 6)

Chow

Days 1–70 Days 71–105 Days 106–128

icv ACSF

icv leptin

Days 129–134

Pump implant
ACSF infusion

Leptin responsivness
tested on days 65 and 88

Fig. 2. Experimental design corresponding to Expt 2 depicted in Fig. 3. HFr, high fructose; HF, high fat; SF, sugar free; ACSF, artificial cerebrospinal fluid;

icv, intracerebroventricularly.
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Dietary preference

The reduction in energy intake with fructose removal from the

diet raised a question whether there is a difference in palat-

ability between the two diets. Thus, we examined dietary pre-

ference when rats were given a choice between the HFr/HF

and SF/HF diets. When rats accustomed to the chow diet

were provided the two test diets, they clearly preferred

the fructose-containing HFr/HF diet over the unsweetened

SF/HF diet (Fig. 7).

Discussion

Typical Western-type diets contain both HF and sucrose

(fructose þ glucose). Such diets cause leptin resistance and

obesity(13,14). However, it is not known what dietary com-

ponent (fat, fructose, glucose, sucrose, a combination of

these, or another ingredient) is responsible for the develop-

ment of leptin resistance or whether leptin resistance is sec-

ondary to diet-induced obesity. It is commonly believed that

elevated fat is the critical ingredient in the development of
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both leptin resistance and obesity, and diets high in fat and

sucrose are often referred to as simply HF diets. Our results

challenge that notion by demonstrating that a 30 % HF diet

without the presence of sugar is not sufficient to cause

either leptin resistance or promote obesity, that is, at least,

not within the 70-d period that a HFr/HF diet induces leptin

resistance and weight gain. Rats fed with the SF/HF diet

gained no more weight than those on the chow diet. Only

with the diet containing both dietary fat and fructose do the

animals become both leptin resistant and gain significantly

more body weight.

These observations raise the issue as to whether leptin

resistance and obesity develop independently due to the con-

sumption of a Western diet or there is a cause-and-effect

relationship. Earlier studies have suggested that leptin resist-

ance was a consequence of obesity, and this leptin resistance

renders leptin therapy to treat the obesity ineffective. The con-

cept that leptin resistance is the consequence of obesity was

first challenged by a series of reports from the Levin group

providing evidence that pre-existing characteristics in rodents

contribute to dietary obesity. Rats were selectively bred with

characteristics either prone to or resistant to dietary obesity,

and the former demonstrated impaired leptin responses

before the occurrence of obesity and even before exposure

to the Western-type diet(10). Such data are consistent with

the concept that leptin resistance is contributory to dietary

obesity. In addition, central overexpression of leptin induces

leptin resistance in the absence of obesity(14), and consump-

tion of a HFr/low-fat diet leads to leptin resistance without

obesity(4). In both these types of leptin resistance, obesity

develops only when a HF/sugar-containing diet is introduced,

i.e. leptin resistance predisposed the animals to exacerbated

obesity upon the subsequent introduction of a Western-type

diet.

The above studies have suggested that leptin resistance can

develop independently from obesity and is probably a contri-

butor to diet-induced obesity. Collectively, these data in con-

junction with the present demonstration that a SF/HF diet fails

to induce obesity in the absence of leptin resistance are con-

sistent with the idea that leptin resistance is necessary for

the typical dietary induction of obesity.

Chronic consumption of the HFr/HF diet, surprisingly, did

not result in increased energy intake. When provided with

solely the HFr/HF or the SF/HF diet in Expt 2, the rats con-

sumed the same amount of energy. However, when given a

choice, rats preferred the HFr/HF diet over the SF/HF diet.

Moreover, and possibly because of this reduced palatability,

the HFr/HF diet did not result in the typical hyperphagia

observed with the introduction of sugar-containing HF diets.

It remains to be seen whether a SF/HF diet with a greater

palatability sufficient to induce hyperenergy consumption

and weight gain will result in leptin resistance.

Collectively, the present study, in conjunction with the pre-

vious data(4), indicates that sugar, in particular fructose, is a
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free (SF)/high-fat (HF) diet ( , n 5) or leptin (1·5mg/d) in rats fed the SF/HF diet ( , n 5), high-fructose (HFr)/HF diet ( , n 6) and in rats switched from the

HFr/HF to the SF/HF diets (switched, , n 8). Body-weight change in the SF/HF-fed rats is significantly different between the vehicle (ACSF) and leptin-treated

rats beginning at day 3 (*P,0·01 by t test), and food intake is significantly different starting on day 4 (*P,0·01 by t test). Values are means, with standard errors rep-

resented by vertical bars.
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component of the typical Western diet sufficient for the induc-

tion of leptin resistance. Other potential dietary sugar candi-

dates include glucose, sucrose and the rarely used sugar

galactose. Sucrose is a disaccharide composed of 50 % fructose

and 50 % glucose. Diets high in sucrose and fat cause leptin

resistance, thus it is unclear whether fructose is a unique diet-

ary sugar that leads to leptin resistance, or whether glucose

and fructose are both bioactive ingredients causal to leptin

resistance. Furthermore, since glucose stimulates fructose

uptake in a dose-dependent fashion(15), dietary sucrose

could magnify any fructose effects, thus dietary sucrose

could be as detrimental as equivalent dietary levels of fructose.

Fructose has several metabolic characteristics different from

glucose that potentially contribute to the development of

leptin resistance. These include a fructose-induced increase

in serum TAG and an increase in uric acid.

The present data indicate that the HFr/HF-fed rats display

resistance to centrally infused leptin, as demonstrated by the

absence of any body-weight and food intake responses

during a central leptin infusion, suggesting impairment in

the central leptin immediate or downstream signalling path-

ways. The absence of any such leptin resistance in the SF/

HF diet suggests that it could be a direct effect of fructose

on brain signalling pathways or an indirect effect through sec-

ondary pathways that tie peripheral fructose to central leptin

signalling. It is controversial whether fructose can directly

enter the brain(16); however, several reports have indicated

that fructose enters(16) and is present(17) in the brain. In

addition, the metabolism of centrally infused fructose abruptly

depletes ATP, leading to a decrease in malonyl-CoA synthesis,

and thus, disruption of the AMP-activated protein kinase/mal-

onyl-CoA(16). Moreover, the leptin-mediated anorexia is, at

least partially, dependent on this pathway(18).

There are several other possible mechanisms underlying

leptin resistance. Following the switch from the HFr/HF to

the SF/HF diet, there was no longer a steady increase in

body weight. Body weight in the switched rats remained

constant, whereas the body weight in those fed with the SF/

HF diet from the beginning of the experiment continued a

steady growth rate. As such, the body weight of the two

groups merged, but remained significantly less than the rats

continually maintained on the HFr/HF diet. Because body

weight remained constant in the switched diet group, the res-

toration of leptin responsiveness was not due to any change in

body weight. However, it is possible that the small decrease in

food consumption following the diet switch contributed to the

reversal of leptin resistance with fructose removal.

Chronic consumption of the HFr/HF diet elevated serum

leptin, and elevated leptin is known to cause leptin resistance

through leptin-induced leptin resistance(19). Moreover, the

abrupt reversal of the elevated serum leptin with the switch

from the HFr/HF to the SF/HF diet suggests a connection to

the restoration of leptin signalling. Serum leptin and adiponec-

tin often reflect adiposity levels with leptin directly and adipo-

nectin inversely correlated(20). The rapid reversal of both these

hormones within 3 d of the diet switch and in the absence of

any change in body weight probably reflects a metabolic regu-

lation of release or synthesis rather than changes in adiposity.

The reversal in the levels of these hormones, in particular the

elevated leptin, could be the major causative factor in the res-

toration of leptin responsiveness.

Serum TAG paralleled those of leptin with lower levels in

the SF/HF diet, elevated in the HFr/HF-fed group and rapid

reversal with fructose removal from the diet. This rapid rever-

sal despite the dietary HF content is particularly interesting

because there is a causal association between TAG-mediated

pathways and CHD(21,22). Elevated serum TAG impair leptin

transport across the blood–brain barrier(23), and it is possible

that dietary fructose may impart leptin resistance through this

mechanism(4). However, in the present study, the HFr/HF diet

resulted in diminished responses to both peripherally and cen-

trally administered leptin, thus impaired leptin transport into

the brain cannot be the sole cause of any fructose-induced

leptin resistance.

In summary, the present study demonstrates that a diet con-

taining both HFr and HF leads to leptin resistance and exacer-

bated weight gain while an isoenergetic SF/HF diet does not.

Moreover, removal of fructose from the HFr/HF diet ceases

weight gain and reverses the leptin resistance, as well as the

elevated serum leptin. Thus, the reversal of leptin resistance

is potentially secondary to the decrease in serum leptin.

These data suggest that sugar, potentially just fructose, is the

bioactive component of a HF/high-sugar diet that is sufficient,

and possibly, essential for the induction of dietary leptin

resistance.
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